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Evidence for s-wave superconductivity in the new β-pyrochlore oxide RbOs2O6
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We report the results of 87Rb NMR measurements on RbOs2O6, a new member of the family of
the superconducting pyrochlore-type oxides with a critical temperature Tc = 6.4 K. In the normal
state, the nuclear spin-lattice relaxation time T1 obeys the Korringa-type relation T1T = constant
and the Knight shift is independent of temperature, indicating the absence of strong magnetic
correlations. In the superconducting state, T−11 (T ) exhibits a tiny coherence enhancement just
below Tc, and decreases exponentially with further decreasing temperatures. The value of the
corresponding energy gap is close to that predicted by the conventional weak-coupling BCS theory.
Our results indicate that RbOs2O6 is a conventional s-wave-type superconductor.
PACS numbers: 76.60.Cq, 76.60.Es, 74.25.Nf, 74.70.Dd
Geometrical frustration of spin systems has recently
attracted much attention because, instead of long-range
magnetic order, novel ground states, including un-
conventional superconductivity, may be adopted[1, 2].
Pyrochlore-type oxides with tetrahedral networks of mag-
netic ions, the so-called pyrochlore lattice, are well known
physical realizations of geometrically frustrated magnetic
systems. This class of materials has recently received en-
hanced attention because superconductivity was found in
Cd2Re2O7 below Tc = 1 K[3, 4, 5]. The mechanism caus-
ing this superconductivity appears to be conventional
and the physical properties are compatible with expecta-
tions based on the weak-coupling BCS theory[6]. It was
suggested that the onset of superconductivity might be
related to an unusual structural phase transition[7, 8].
Another superconducting pyrochlore, KOs2O6, seems to
be a quite different case. This material crystallizes in
the β-pyrochlore structure and exhibits superconductiv-
ity below Tc = 9.6 K[9]. In contrast to Cd2Re2O7,
KOs2O6 does not exhibit any structural phase transition
near Tc. This suggests that the geometrical frustration
persists to temperatures below Tc. The upper critical
magnetic field Hc2 appears to exceed the Pauli limit ex-
pected for conventional superconductivity, This observa-
tion was interpreted as a sign for unconventional super-
conductivity in KOs2O6[10]. The results of recent µSR
experiments were interpreted as to strongly suggest that
the superconducting state of KOs2O6 is unconventional,
characterized by gap nodes[11]. Analogous experiments
invoking Cd2Re2O7[12] revealed an isotropic gap for that
material, instead.
Very recently, a new ternary compound RbOs2O6 with
the β-pyrochlore structure, the same as KOs2O6, has
been discovered[13]. This compound exhibits supercon-
ductivity below Tc = 6.4 K[13, 14]. The results of recent
specific-heat[14] and magnetic-field penetration depth
measurements[15] were claimed to indicate a conven-
tional BCS-type behavior of this superconducting state.
The zero-temperature upper critical magnetic field Hc2
(∼ 6 T), extracted from specific-heat measurements on
RbOs2O6, is lower than the Pauli-limiting field[14], in
contrast to the above cited claims for KOs2O6. From
the results of electrical resistivity measurements, how-
ever, the value of Hc2 for RbOs2O6 at zero temperature
was claimed to be larger than the Pauli limit of 12 T[13].
This estimated value for the Pauli limit may, however,
be substantially modified towards higher values by spin-
orbit interactions, as suggested by the results of band-
structure calculations for the related pyrochlore-type ox-
ides Cd2Re2O7 and Cd2Os2O7[16].
In this report, we present the results of magnetic sus-
ceptibility and 87Rb NMR measurements on samples of
polycrystalline RbOs2O6 in both the normal and the su-
perconducting state. Our results support the view of
conventional superconductivity in this material.
The samples were prepared from polycrystalline ma-
terial of RbOs2O6, synthesized from the starting mate-
rials OsO2 and Rb2O. The experimental details of the
synthesis and the purification of RbOs2O6 are described
elsewhere[17]. The material was confirmed to have the
correct structure by X-ray diffraction. Most of the re-
flections could be indexed on the basis of a pyrochlore
unit cell with a lattice parameter a = 10.1137(1) A˚. A
small amount of OsO2 (less than 5 %) was detected as
an impurity. Our NMR experiments probe the local en-
vironment of the Rb ions. The Rb cations occupy the
8b site in the pyrochlore lattice, which provides a local
environment with cubic symmetry.
The magnetic susceptibility χ(T ) = M(T )H , where
M(T ) represents the temperature dependent magnetiza-
tion, was measured upon cooling the sample at tempera-
tures between 300 K and 2 K in external magnetic fields
µ0H of 50 G and 2.94 T, using a SQUID magnetome-
ter. The NMR measurements were performed at temper-
atures between 0.4 K and 35 K in an external magnetic
field of 2.9427 T using a standard phase-coherent-type
pulsed spectrometer. The 87Rb NMR spectra were ob-
tained by Fast-Fourier-Transfomation (FFT) of the spin-
echo signals, following a pi2 − pi, rf pulse sequence. The
nuclear spin-lattice relaxation time T1 was measured by
the saturation recovery method, where the spin-echo sig-
nals were measured after the application of a comb of rf
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FIG. 1: Temperature dependences of the magnetic suscepti-
bility χ(T ) measured on a powdered sample of RbOs2O6 in
external magnetic fields of (a) 50 G and (b) 2.94 T. Note the
very different vertical scales. The sample was cooled in the
field. Inset : Temperature dependence of χ(T ) above Tc in an
external magnetic field of 2.94 T.
pulses and subsequent variable delays.
Figures 1(a) and 1(b) show the temperature depen-
dences of the magnetic susceptibility χ(T ) of a pow-
dered sample of RbOs2O6. The superconducting tran-
sition is reflected in the onset of a large diamagnetic sig-
nal due to the Meissner effect (Fig. 1(a)). In case of
µ0H = 50 G, χ(T ) reflects the onset of diamagnetism
at 6.4 K. As usual, increasing external magnetic fields
shift the transition to lower temperatures[13, 14]. In an
external magnetic field µ0H = 2.94 T, the same that
we used in our NMR measurements, the χ(T ) data re-
veal the onset of superconductivity at Tc = 3.8 K (Fig.
1(b)). This value is consistent with the results of previous
specific-heat measurements[14]. The inset of Fig. 1(b)
shows the temperature dependence of χ(T ) of RbOs2O6
in the normal state for µ0H = 2.94 T. At tempera-
tures exceeding 100 K, χ(T ) is, to a good approxima-
tion, temperature-independent. Upon cooling to below
50 K, the susceptibility increases gradually, such that
χ(T ) = χ0 +
C
T , where C is the Curie constant and χ0
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FIG. 2: Evolution of the FFT spectra of 87Rb NMR in an
external magnetic field of 2.9427 T between 1.2 K and 5.0
K. Inset : Temperature dependence of the full-width at half-
maximum (FWHM) of the signal.
= 4.8 ×10−7 emu/g is the temperature-independent sus-
ceptibility. For common metals, χ0 = χPauli+χLandau+
χshell, where for free electrons χLandau = −
1
3χPauli. As-
suming that the core-electron diamagnetism term χshell
is negligibly small, χPauli =
3
2χ0 and we can calcu-
late the electronic density of states at the Fermi sur-
face from χPauli = µ
2
BD(EF ). Using this relation, we
obtain D(EF ) = 1.38 states/eV·atom. This value of
D(EF ) implies that the electronic specific-heat coefficient
γ =
pi2k2BD(EF )
3 = 31 mJ·mol
−1K−2, in very good agree-
ment with the value estimated from the result of specific-
heat measurements[14]. The Curie-type upturn of χ(T )
at low temperatures is attributed to the presence of a
small concentration of impurity moments. The effective
paramagnetic moment deduced from the Curie constant
is small, of the order of 0.1 µB/Os. Thus, the intrinsic
behavior of χ(T ) of RbOs2O6 in the normal state is that
of a simple metal, consistent with the results of measure-
ments of the Knight shift and the nuclear spin-lattice
relaxation rate, to be discussed below.
Figure 2 shows the evolution of the FFT spectra of
87Rb NMR at low temperatures. The spectrum contains
a single resonance line. As described above, the Rb nuclei
occupy highly symmetrical sites and thus, the influence
of the quadrupole interaction is quenched (I = 32 for the
87Rb nucleus). The inset of Fig. 2 shows the temperature
dependence of the full-width at half-maximum (FWHM)
of the 87Rb NMR spectrum. In the normal state, this
width is of the order of 12 kHz and independent of tem-
perature. In the superconducting state, the NMR spec-
trum broadens appreciably due to a distribution of local
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FIG. 3: Temperature dependence of (T1T )
−1. Dotted and
solid lines represent the BCS expectation for an isotropic and
anisotropic gap, respectively (see text). Inset : Semilogarith-
mic plot of T−11 vs
1
T
. The solid line represents the relation
T−11 ∝ exp(−
∆(0)
kBT
) with ∆(0)
kB
= 6.1 K.
fields produced by the vortex lattice. The inhomogeneous
broadening of the NMR line of type-II superconductors
can approximately be calculated as Γ ∼ φ0
λ2(16pi3)1/2
, the
square root of the second moment of the expected field
distribution due to the vortices[18]. With λ = 4100A˚ as
the zero-temperature London penetration depth[15] and
φ0 =
hc
2e as the flux quantum, we calculate Γ ∼ 5.5 Oe
∼ 8 kHz at T = 0 K. This value is close to the observed
total enhancement of the line width of approximately 12
kHz.
Next, we consider the nuclear spin-lattice relaxation.
Figure 3 shows the temperature dependence of (T1T )
−1.
The T1 measurements were made at the peak positions of
the resonance signals, but the employed rf pulses were
short enough to irradiate the entire NMR line. The ob-
served magnetization recovery (data not shown) followed
a single-exponential curve.
In the normal state, T−11 (T ) obeys the Korringa re-
lation (T1T )
−1
n = 0.117 (sK)
−1, as expected for simple
metals and indicating the absence of significant mag-
netic interactions in RbOs2O6. Recently, it was reported
that T−11 of
39K nuclear spins in KOs2O6[19] exhibits
an unusual temperature dependence in the normal state.
This was interpreted as evidence for considerable antifer-
romagnetic correlations in the itinerant electron system.
Assuming that both data sets are reliable, it must be con-
cluded that the magnetic features of RbOs2O6 are quite
different from those of KOs2O6.
In the superconducting state, T−11 reveals no clear co-
herence peak just below Tc (= 3.8 K for µ0H = 2.94 T)
but drops sharply only below 3 K, i.e., at a tempera-
ture significantly lower than Tc. The maximum value of
(T1T )
−1 below Tc is only 4 % larger than the value in
the normal state. A similar result has recently been ob-
tained by other workers[19]. This behavior is distinctly
different from that of well identified unconventional su-
perconductors where T−11 drops sharply just below Tc.
We argue that the superconducting state of RbOs2O6
is of conventional type and that the data between 3 K
and Tc(H) reflects a strongly reduced coherence peak in
T−11 (T ). The coherence peaks for s-wave type-II super-
conductors are often reduced for various reasons. In the
case of V3Sn[20], it was argued that the application of
an external magnetic field causes the observed reduc-
tion. The coherence peak may also be suppressed by
finite life-time effects on the quasiparticles due to, for in-
stance, electron-phonon interactions[21]. Fibich showed
that an effective broadening of the electronic energy lev-
els is brought about by absorption processes of thermal
phonons. More accurately, the gap function has a (neg-
ative) imaginary part, which has the effect of removing
the singularity in the electrical density of states at non-
zero temperature. Although these life-time effects are ex-
pected to be particularly important for strong-coupling
superconductors, the mechanism was originally invoked
in order to explain the only modest enhancement of T−11
below Tc in the case of Al. Fibich has derived the ratio
T1n/T1s of the relaxation rates in the superconducting
state to those in the normal state as
T1n
T1s
= 2f(∆1)[1 +
∆1(T )
kBT
(1− f(∆1)) ln(
2∆1(T )
|∆2(T )|
)] (1)
with
∆2(T )
∆0
= C[
∆0
∆1(T )
]1/3(
T
Tc
)8/3 (2)
where ∆1(T ) and ∆2(T ) are the real and the imaginary
part of gap function, f is the Fermi distribution function,
and C is a fitting parameter. Our simulations (data not
shown) using Eq. (1) do not yield satisfactory results for
the case of RbOs2O6, however, and we conclude that this
type of reasoning is not adequate for explaining the only
weakly developed coherence peak in T−11 (T ) in RbOs2O6.
In an attempt to elucidate the reduction of the co-
herence peak in T−11 below Tc, we tried to consider the
effect of the applied magnetic field using the approach
suggested by Goldberg andWeger[22]. Here, the basic as-
sumption is that the total nuclear spin-lattice relaxation
rate is the sum of two terms, where the first describes the
relaxation in the normal-state vortex cores and the other
captures T−11 in the remaining superconducting volume.
Near Tc this leads to
(T1T )
−1 = (T1T )
−1
n
Hξ2
Φ
+ (T1T )
−1
BCS(1 −
Hξ2
Φ
) (3)
where (T1T )
−1
n = 0.117 (sK)
−1. The coherence length
is given by ξ(T ) = 0.74ξ(0)
(1− TTc(H) )
1/2 with ξ(0) = 74A˚[14],
and (T1T )
−1
BCS represents the relaxation in the supercon-
ducting volume. Inserting the parameters for RbOs2O6,
the first term on the r.h.s. of Eq. (3) turns out to be
4negligibly small and hence for the field strength used in
our experiments, the influence of the applied magnetic
field in the manner described above plays no role in our
problem. This may not be the case for higher applied
magnetic fields, however.
At very low temperatures and high magnetic fields, yet
another process, namely spin diffusion, will play a domi-
nant role. In this case, the observed relaxation rate T−11
will be dominated by fast processes in the normal core
of the vortices. Note that due to the small value of ξ at
low temperatures, finite-size effects may have to be taken
into account in the vortex cores and the corresponding
relaxation rate may not simply be given by (T1)
−1
n of the
bulk in the normal state.
Below 3 K, T−11 decreases exponentially with temper-
ature upon cooling. Below 1 K, where T−11 is less than
7×10−3s−1, the relaxation tends towards a temperature-
independent value with decreasing temperature. This
deviation may be caused by paramagnetic impurities
and/or by relaxation via spin diffusion to the normal vor-
tex cores, which are regions of fast relaxation. The onset
of anomalous relaxation follows a more than an order of
magnitude reduction of T−11 , indicating that the bulk of
the sample (≥ 95%) is indeed superconducting. In our
subsequent analysis, we refrain from discussing the data
for T ≤ 1 K.
The inset of Fig. 3 shows a semilogarithmic plot of
T−11 vs
1
T , which confirms the exponential decay of T1
according to T−11 ∝ exp(−
∆(0)
kBT
) at temperatures well be-
low Tc. The slope of the solid line implies that
∆(0)
kB
=
6.1 K. With Tc = 3.8 K, we obtain
2∆(0)
kBTc
= 3.2. This
is in fair agreement with the value of the conventional
BCS theory in the weak-coupling regime, 2∆(0)kBTc = 3.5.
This finding, however, should be considered with some
caution because, as we shall see below, a more detailed
inspection of the data suggest a considerable anisotropy
in the gap parameter. Nevertheless, the observed ther-
mally activated temperature dependence of T−11 provides
clear evidence for a nodeless gap configuration and the
remnants of the coherence peak just below Tc indicate
a conventional s-wave-type pairing of the quasiparticles.
This is consistent with previous interpretations of results
of specific-heat[14] and magnetic-field penetration depth
measurements[15].
In order to reproduce T−11 (T ) at intermediate temper-
atures below Tc, we fitted the data to the BCS model
and assumed a distribution of energy gap amplitudes in
the range between ∆ − δ and ∆ + δ across the Fermi
surface[23]. The solid line below Tc in the mainframe of
Fig. 3 represents the result of a calculation using 2∆(0)kBTc
= 3.5 and δ∆(T ) = 0.5. In this way, we obtain good agree-
ment with the experimental results at temperatures be-
tween 1 K and 3 K. The calculation cannot reproduce the
behavior just below Tc quantitatively. The distribution
of the energy gap can be accounted for by incorporating
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FIG. 4: Temperature dependence of the Knight shift of the
87Rb NMR signal. Inset : Temperature dependence of the
Knight shift Ks, normalized by its normal-state value at Tc.
The dotted line is a calculation based on the conventional
BCS theory with the same parameters as those employed in
the analysis of T−11 below Tc.
a k-space anisotropy of the conventional s-wave gap[20],
∆(H,Ω) =< ∆(H) > [1 + a(Ω)] (4)
where Ω is the solid angle in k-space, < ∆(H) > the
mean gap value over all orientations in k-space, and
a(Ω) is the anisotropy function satisfying the condition
< a(Ω) >= 0. Our value for δ∆(T ) implies < a
2(Ω) >
= 0.25. This anisotropy can substantially affect var-
ious thermodynamic quantities. For instance, it has
been shown[24, 25] that it renormalizes the ratio ∆kBTc
as ∆kBTc =
∆0
kBT 0c
(1 − 32 < a
2 >) where ∆
0
kBT 0c
is the ratio
in the absence of anisotropy. In our case, since 2∆kBTc =
3.2 and < a2(Ω) > = 0.25, it follows that ∆
0
kBT 0c
= 5.1, a
substantially enhanced value with respect to the expecta-
tions for the BCS theory in the weak-coupling limit, and
raising some questions about the validity of the approx-
imation. An refined quantitative discussion of the NMR
data obviously requires additional efforts in numerical
calculations.
Figure 4 shows the temperature dependence of the
Knight shift of the 87Rb NMR signal. The Knight shift is
a measure of the uniform magnetic susceptibility of the
conduction electrons, seen at a particular nuclear site.
In general, the Knight shift consists of a T -independent
orbital part and a spin part. In the normal state of
RbOs2O6, the Knight shift is very small, about 0.045
%, and practically independent of temperature, reflect-
ing the influence of the temperature-independent contri-
bution of the electronic spin susceptibility. In the super-
conducting state, the diamagnetic shift Hdia is estimated
as −
Hc1 ln(
βd
√
eξ
)
ln(λξ )
[26]. With ξ = 74A˚[14], λ = 4100A˚[15], β
= 0.381 for the triangular vortex lattice, and d = 285A˚
as the nearest-neighbor vortex-lattice spacing in 2.9427
5T, we calculate Kdia = −0.004%. The observed Knight
shift variation below Tc is much larger than Kdia, thus
reflecting the spin-singlet-pairing of the quasiparticles.
The residual line shift at very low temperatures is of the
order of 0.020 %.
The inset of Fig. 4 shows the temperature dependence
of the Knight shift Ks normalized by its value at Tc.
Here, the residual line shift attributed to orbital effects
has been substracted from the raw data. The dotted
line represents the result of a calculation using the con-
ventional BCS model with the same parameters and the
same gap distribution as those in the previously discussed
analysis of T−11 (T ) below Tc. Because the calculation
does not agree with the experimental data, the deviation
of the temperature dependence of the Knight shift below
Tc from the BCS expectation needs further examination.
The ratio Kα =
S
T1TK2s
in the normal state pro-
vides a useful measure for the importance of electron-
electron magnetic correlations[27, 28]. The parameter
S =
γ2e
γ2n
~
4pikB
and γe and γn are the electronic and nu-
clear gyromagnetic ratios, respectively. Depending on
the value of Kα being much smaller or larger than unity,
substantial ferro- or antiferro-magnetic correlations in
the itinerant electron systems are significant. If we as-
sume that the residual line shift K(T = 0) is due to the
orbital contributions, Kα is estimated to be 4.6, provid-
ing some evidence for the existence of antiferromagnetic
electron-electron correlations.
We present and discuss the results of 87Rb NMR mea-
surements on the new superconducting pyrochlore-type
oxide RbOs2O6. In the normal state, the nuclear spin
lattice relaxation rate T−11 obeys the Korringa-type rela-
tion (T1T )
−1
n = 0.117 (sK)
−1 and the line shift is inde-
pendent of temperature. In the superconducting state,
T−11 reveals a very much reduced coherence peak just
below Tc, and eventually decreases with a thermally ac-
tivated behavior upon further cooling. The T−11 (T ) data
can qualitatively be explained by the BCS model consid-
ering some anisotropy of the gap function. In spite of
some remaining numerical inconsistencies, we claim that
our NMR results imply that the superconducting state of
RbOs2O6 is characterized by singlet-pairing of the elec-
trons and that the gap function exhibits a conventional
s-wave-type symmetry; with some k-dependent variation
of the amplitude, however.
This study was partly supported by the Swiss National
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